Termination of RNA synthesis with 3«-0-Methylnucleoside 5'-triphosphates have been studied using E.coli RNA polymerase holoenzyme and poly [d(A-T)] as well as unfractionated T7 D A III DNA as templates. It was shown that the termination can be used for DNA sequencing. A sequence of a part of RNA synthesized from Aj promoter of the DHA have been determined. Syntheses of four 3'-0-Methylnucleoside 5'-triphosphates are described.
INTRODUCTION
The growth of polymeric chains due to polymerization of bifunctional monomers to obtain synthetic resins is inhibited by two means, i.e. one of bifunctional monomers is taken in excess or a small concentration of monofunctional reagent that terminates the growing polymeric chains (e.g. acetic or benzoic acid addition on capron synthesis) is added into reaction medium.(I).
There are also inhibitors of DNA or UNA synthesis (2, 3, 4) ddTTP, 3 I -OCH,ATP, 3'-dATP, etc. which action is based on the same principle. If unsynchronyzed replication (or transcription; is carried out consequently in the presence of four terminators differed by their bases, termination proceeds specifically in each of the four cases enabling the position of every particular base to be determined by separation of the resulting fragments according to their length.
In this work, we have studied the influence of terminators as well as variation of one of the natural precursor concentration on RNA polymerase reaction to elucidate the possibility of using these means for sequencing RNA and, consequently, DNA in the process of RNA synthesis. In order to do it, we had synthesized special terminators, such as 3•-O-Methyladenosine 5'-triphosphate, 3'-O-Methylcytidine 5'-triphosphate, 3'-0-Methyluridine 5'-triphosphate and 3'-0-Methylguanosine 5'-triphosphate. In the process of the investigation the paper appeared (5) dealing with the use 01 ddATP and other dd-tenninators in DNA-polymerase reaction to sequences DNA.
There are now several approaches available for determining the primary DNA structure (5.6,7,8) based on the principle of fractionation of fragments differing in length by one monomer applying electrophoresis in polyacrylamide gel under denaturation conditions. This pronciple was first proposed for sequencing DNA by Sanger et al. (6) , then applied by Maxam and Gilbert (7) to separate products of DNA digestion with chemical reagents. Recently this electrophoretic method was used by Barnes (8) to separate fragments from ribosubstitution products +2 of DNA synthesis in the presence of Mn followed by digestion with alkali or RNase. As far as RNA is concerned no sequencing as rapid as that of DNA has been demonstrated yet, although the principle for solving this problem has been established. It consists in partial digestion with specific RNases of RNA molecules preliminary labelled with P p] at the 5'-end followed by separation of products of partial digests in polyacrylamide gel (9, 10) . It perspective thus appeared to make use of RNA polymerase reaction to solve the problem of DNA sequencing. RNA polymerase reaction has been chosen because it gives us all necessary advantages for the purpose of sequencing: the enzyme initiates synthesis at a definite sites of double stranded DNA. The site can be chosen at will using well characterized methods (II) even when the template have several promoters. If the DNA (e.g. eucaryotic DNA) lacks a specific initiation site for B.coli RNA polymerase, the difficulty can be overcome with genetic engineering methods linking a definite E.coli promoter to the DNA fragment to be sequenced. Besides, RNA polymerase in the presence of Mn +2 is able to copy both double stranded RNA and DNA as well as single stranded RNA and DNA.
A number of synthetic inhibitors were studied with res-pect to there ability to interrupt RNA synthesis (4). We have chosen 3'-0-Methylnucleoside 5'-triphosphates for this study because they are apparently capable of termination of RNA synthesis, besides, they can be synthesized in a good yield being comparatively stable.
MATERIALS AND METHODS
RNA polymerase was isolated from B.coli as previously described (4 and silicagel plates for TLC Silufol UV254 were from Chemapol and Kavalier (Czechoslovakia), respectively. Dowex 1x4 (minus 4OO mesh), Dowex 1x2 (200-400 mesh), Dowex 50x8 (200-400 mesh) were from Bio-Rad (USA). Acrylamide and N,N'-methylene-bisacrylamide were purchased from Reanal (Hungary).
Acrylamide was purified with activated charcoal (13) ; N.N'-methylene-bisacrylamide was recrystallized from acetone. Urea was purified using the column with two layers ot ion exchange resins: Dowex 50x8 (2OO-4OO mesh) in H + form and Dowex 1x4 (2OO-4OO mesh) in 0H~ form. Electrophoresis in polyacrylamide gel was carried out on a horizontal thermostates plate. The device for electrophoresis, the gel slab of 0.5 mm thick and" 500 mm long, preparation and loading will be described in details (13) elsewhere. Gels of 20% acrylamide and 0.67$ N,N«--methylene-bisacrylamide in 7 M urea (7) were run in 0.05 M tris-borate buffer, 0,002 M EDTA, pH 8.3. Autoradiographs were kept overnight at -70 or -30°C, with X-ray film RM-I or RIT-2 (USSR).
The following solvent systems were used for TLC. I. Cellulose plates (16 cm long): A -isobutiric acid -0.5 11 NH.OH (5O), pH 3.7; 3 -tert. butanol -0.075 M HGOOH (1:1), pH 4. RMA polymerase reaction. The final volume of a typical reaction mixture was 7jul. Concentrations of the particular components are given for each case in figure legends. RNA polymerase reaction was conducted by mixing all but one components in a small hole in teflon plate. The mixture being sucked into a polyethylene capillary witn an inner diameter of 0.5 mm was held there for 15 min at 20°. The reaction mixture was then again transferred onto the teflon plate and the reaction was +2 initiated by the addition of Mg , one nucleoside triphosphate or RNA polymerase. The reaction was carried out for 0.5 to 60 min and stopped by adding I j»l of 0.5 M BDTA pH 8.0 and 5 jal 7 M urea. The ends of capillary were sealed and it was incubated for 15 min at 60° in a water bath. The content of the capillaries was again transferred onto teflon plate. The solution was disiccated in vacuum for several minutes to decrease its volume to approximately 5jul. I jal xylene blue dye (5 jug ) was then added and the mixture was loaded on stripes of acetylcellulose (3x10 mm) and allowed to dry until noticeable moisture disappeared and put on gel (13)-In other cases the reaction mixture was placed on paper discs saturated with 2 mM ATP, washed with cold 5% trichloracetic acid, ethanol dried and counted in toluene scintillator in an Intertechnique SL30 scintillation counter. RESULTS
I. Synthesis of terminators
3'-0-Methyladenosine, -cytidine or -guanosine 5'-triphosphates were all synthesized from nucleosides following the same scheme. 3'-O-Methyluridine 5'-triphosphate was prepared by deamination of 3»-O-Methylcytidine 5'-triphosphate (3'-0-Methyl adenosine 5'-triphosphate was kindly supplied by Dr V.L.Plo-rentjev). Adenosine and oytidine were methylated with diazomethane in methanol in the presence of SnCl 2 (I4)» Guanosine was methylated with diazomethane in dimethylforraamide with SnCl 2 (15) . The extent of methylation by diazomethane was estimated in all the three cases in the system G. Diazomethane was prepared (16) from nitrosomethylurea synthesized as described (17). 2'-and 3'-O-Methyl isomers of adenosine and cytidine were separated on Dowex 1x2 (0H~) (14) . 2'-and 3'-O-Methylguanosines were separated from products methylated in guanine first by column chromatography on silicagel and then on Dowex 1x2 (15) . Then a pooled fractions of 3'-O-Methylguanosine were evaporated to dryness by a rotary evaporator. After a solution of 3'-0-Methylguanosine (50 mg) in 10 ml water was applied to the column of 2.5x20 cm with Dowex 50x2 (200-400 mesh) and eluted with water. The 3'-0-Methylnucleosides isolated were found to be homogeneous in chromatographic systems A, E and G.
Phosphorylation oi 3'-0-Methylnucleosides to 5'-monophosphates was carried out according to (18, 19) with POCl, in triethylphosphate. The extent of phosphorylation was checked by the chromatography in systems H, D and A. The synthesized products were then chromatographed on cationite. About 30 mg of each nucleotide was applied to the column of Dowex 50x2 (H + )
(200-400 mesh), 2x20 cm. The column was washed with water and nucleotide was eluted with 2.5% ammonium hydroxide. Nucleotides were further chromatographed on Dowex 1x4 (4OO mesh) with linear gradient of triethylammonium bicarbonate pH 9.0, containing 15% ethanol. This chromatrographic system was our modification of the method (20) and proved to be useful for purifying nucleoside monophosphates and triphosphates after their synthesis. Triethylammonium bicarbonate was removed in vacuum by rotary evaporator at 40°C, to yield 60-80% of 3'-0-Methylnucleoside 5'-monophosphates which were homogeneous in chromatographic systems A, C, 8 and P.
These monophosphates were converted to respective triphosphates by condensation with disubstituted tributylammonium pyrophosphate in the presence of carbonyldiimidazol (21, 22) . 26O , respectively. Column of 0.9 x 15 cm (Dowex 1x4, minus 400 mesh) was used with a linear gradient of triethylammonium bicarbonate pH 9«0 (0.2 to I M) in 15% ethanol, elution volume 800 ml, flow rate 40 ml/hr. phy and evaporation amounted to 90-95%. Its U.V. spectrum did not differ from that oi" UTP at pH I; 7 and 13. Chromatography in systems A, 3, C and E revealed no impurities. Relative mobilities of four 3'-O-Methylnucleoside 5'-triphosphate8 in several chromatographic systems are given in Table I The influence of 3»-O-fIethyladenosine 5'-triphosphate on the transcription kinetics has been described in details previously ( intensity of bands are equalised at the ratio of ATP to UTF 1:3, whereas at the 1:1 ratio the bands that correspond to fragments terminated with adenine are more intense. The next four columns illustrate change in bands pattern due to gradual disappearance of certain bands after increasing concentration of terminator. It is to be seen that all synthesized chains terminate with adenine when the concentration ratio of ATP to 3'-0-Methyladenosine 5»-triphosphate is 1:10 under conditions used. The same clear-out but reverse picture is observed in Fig. 3B when terminator 3'-0-Methyluridine 5'-triphosphate was introduced into the reaction mixture.
The intensity of bands corresponding to one of the bases can be also changed by simple varying the concentration of one of the natural precursors, as follows from the results of the experiment shown in Pig. 4. The Intensity of the bands corresponding to uracyl increases with rising concentration of UTP in RNA polymerase reaction on the template poly[d(A-T)] . The complete disappearance at the bands corresponding to adenine takes place when the ATP concentration in the reaction mixture amounts to 10 jum, with UTP being 300 or 500 juM. On the other hand, when the concentration of UTP was low (10 phi) and that of ATP was high -100, 300 and 500 juM, disappearance of bends corresponding to uracyl was observed only for long enough UNA chains. chosen to get strong inhibition of RNA synthesis at a selected substrate concentrations (26) . To overcome the inhibition effect only for selected promoter the mixture was supplemented with relatively high (150 jaM) concentration of a dinucleoside monophosphate (CpA for A, promoter) (II). Terminator nucleotides were added to the mixture before the enzyme if immediate vici-nity of the promoter was under investigation. When the region more than 30 nucleotides distant from promoter was sequenced terminator nucleotides were added after the synthesis was initiated. In the latter case 5-7 minutes of the incubation in the presence of terminator was necessary to prevent the appearance of false bands.
Resulting gel pattern of the sequence analysis of AD III T7 DNA for the region from 27 to 131 nucleotides apart the starting point of the A, promoter is shown in J?ig»-5. The nucleotide sequence of the shown part of the RNA was found to be: 
DISCUSSION
Our method for terminating RNA polymerase reaction by the 3'-0-Methyl analogs suggested in this work can be applied for sequencing of any native template if synthesis is initiated from one site of DNA and from one nucleotide within the site. This condition can be met either by isolating the DNA site that forms a complex with RNA polymerase or by introducing di-or trinucleotide complementary to the initiation site. The sites that are at a distance from the initiation site beyond the resolving power of electrophoresis are likely to be sequenced if DNA is preliminary cleaved with restriction endonucleases and the fragment to be analysed is linked to the site containing the initiator by means of polynucleotideligase.
Variation of the natural precursors concentration for determining the nucleotide sequence of RNA synthesized on natural DNA as a template hardly can be used because of the synchronous and pulse character of UNA chain elongation due to pauses (27) . However, additional study of elongation kinetics of RNA synthesis with native template is necessary.
The principle of sequencing has thus been demonstrated A C -C--JO specific terminators with UNA polymerase (5) and ENA polymerase (our work). It becomes thus obvious that the method can be extended to other reactions of template synthesis (QBreplicase, reverse transcripuase). Such an extension requires only the correct choice of proper terminators and their concentrations.
